A novel single-phase five-level active rectifier based on the VIENNA-type rectifier with model predictive current control is presented. The proposed topology operates in unidirectional mode, imposing a sinusoidal grid-side current with unitary power factor. A unidirectional electric vehicle battery charger is the target application in which the proposed rectifier is used; however, it can also be used as an active rectifier for other purposes aiming to improve the efficiency of ac-to-dc rectification. The model predictive current control is used to select the active rectifier state during each sampling period, trying to minimize the grid current error and obtain low total harmonic distortion. The suitability and performance of the proposed topology of active rectifier, as well as the principle of operation and the digital control algorithm, are evaluated through simulation and experimental results.
INTRODUCTION
Active rectifiers have gained notoriety in the last decades as alternative to diode and multi-pulse rectifiers, mainly due to the controlled grid-side current and output-side voltage [1] [2] . Therefore, several topologies with different levels of complexity have been proposed for single-phase [3] [4] and three-phase [5] systems. The core of active rectifiers, exploring the different characteristics of each one, is presented in [6] and [7] . Besides the power-factor-correction (PFC) converters [8] , a particular classification of active rectifiers is the multi-level attribute, i.e., the distinct number of voltage levels that the active rectifier can produce during the positive and negative half-cycles. Multi-level active rectifiers are used to reduce the harmonic distortion of the grid-side current and to reduce the coupling passive filters. Typically, the most commonplace multi-level active rectifiers used in industrial applications are the neutral-point-clamped, the cascade topologies, and the VIENNA-type rectifiers [9] [10] .
VIENNA rectifier was initially proposed for three-phase systems in order to improve the efficiency and the power quality in the grid-side, using just three switching devices [11] . Along the last years, some topologies based on VIENNA rectifier were proposed for different applications. A novel single-stage topology based on the VIENNA rectifier used in three-phase systems and with output isolated in high-frequency is proposed in [12] , but it cannot be rearranged for single-phase systems. The operation of a three-phase VIENNA rectifier as an active shunt power filter for power quality improvement is proposed in [13] . Although such topology operates as a three-phase converter, a single-phase converter can be derived, but operating as a double-boost, i.e., with the double of the output voltage. A five-level converter based on the VIENNA rectifier is proposed in [14] as an active rectifier, however, such topology is applicable only for three-phase systems and requires an extra hardware structure for the dc voltage balancing. A new single-phase five-level converter based on the VIENNA rectifier is proposed in [15] for high-current applications, however, to obtain the same results, such converter requires more and complex hardware than the topology proposed in this paper. A single-phase converter based on the VIENNA rectifier with a single-switch for EV battery chargers applications is proposed in [16] , however, it is a three-level topology and operates as a double-boost with the double of the output voltage compared with the proposed topology. A five-level converter, derived from a VIENNA rectifier topology, used for active rectifiers applications is proposed in [17] , however, it operates as double-boost and requires more diodes and switching devices.
The most traditional active rectifier is the PFC that comprises a diode bridge rectifier with a dc-dc boost converter operating in continuous mode. This active rectifier, considering the different positions of the active and passive devices, is presented in Fig. 1 (a-c). This active rectifier is classified as two-level, since the voltage vab can have two distinct values. Comparing the traditional single-phase VIENNA rectifier (cf. Fig. 1(d) ) with the traditional PFC (cf. Fig. 1(a) ), it requires one more diode and a split dc-link, but it is able to produce three distinct voltage levels. However, the double-boost characteristic of the output voltage can signify a relevant drawback. A five-level boost-type active rectifier (FLAR) with a split dc-link is presented in Fig. 1 (e) [2] . Comparing with the VIENNA rectifier, it can produce more voltage levels with just more two switching devices and less one diode, and without the double-boost characteristic of the dc-link voltage. Combining both active rectifiers, the proposed topology of a five-level active rectifier is shown in Fig. 1(f) . Such topology aggregates the main advantages of both VIENNA and FLAR, i.e., it is a five-level topology without a double-boost characteristic and with a reduced number of switching devices. The proposed topology has a split dc-link, but the middle point is connected to the neutral wire of the power grid through a bidirectional cell, which is composed by two IGBTs in a common-emitter configuration. Besides the passive filter (L) to couple with the power grid, it is composed by a diode bridge rectifier (diodes d1 to d4), by a bidirectional cell (IGBTs g2 and g3), by the main switching IGBT and by the diode d5.
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The model predicitve current control of the proposed active rectifier is presented in section II, and a comprehensive and detailed analysis, including the main simulation results, is presented in section III. An experimental validation is presented in section IV, and the main conclusions are presented in section V.
II. MODEL PREDICTIVE CURRENT CONTROL
Model predictive current control has been applied with success as a method to control power converters [18] [19] , including current-source [20] or voltage-source converters [21] . It is important to note that the proposed active rectifier can be controlled applying other current control strategies (e.g., sinusoidal PWM or sliding mode); however, the model predictive control was selected due to its robustness and simplicity of implementation.
During each sampling period established by the digital controller, the state of the active rectifier will define the grid-side current. Thus, a model predictive current control with finite control set (MPC-FCS) is used to define the state of the active rectifier, i.e., to the grid-side current track its reference. The different states allowed by the proposed active rectifier are shown in Fig. 2 . During the positive half-cycle ( Fig. 2(a-c) ), the IGBT g1, and the diodes d1 and d4, are used to obtain the voltage level zero (vab = 0 V), i.e., the inductance stores energy and the current will increase to track the reference. The voltage level vdc/2 (vab = vdc/2 V) is obtained with the IGBT g3, the diodes d1 and d5, and the reversible diode of the IGBT s2. The voltage level vdc (vab = vdc V) is obtained just with the diodes d1, d4 and d5. During the negative half-cycle ( Fig. 2(d-f) ), the IGBT g1, and the diodes d2 and d3, are used to obtain the voltage level zero (vab = 0 V). The voltage level -vdc/2 (vab = -vdc/2 V) is obtained with the IGBT g2, the diode d2, and the reversible diode of the IGBT s3. The voltage level -vdc (vab = -vdc V) is obtained just with the diodes d2, d3, and d5.
A. Power Theory -Grid-side Current Reference
The main characteristic of an active rectifier is the grid-side sinusoidal current. For this reason, a sinusoidal reference should be established. Since the rms value of the power grid voltage is known, the amplitude of the current reference is determined by the operating power of the active rectifier, which can be calculated as the sum of the power delivered to the dc load with power necessary to regulate the dc-link voltage. Applying the Fryze-Buchholz-Depenbrock (FBD) power theory, the instantaneous value of the current reference (ig*) is established according to:
where, pdc denotes the dc-side power, VG the rms value of the power grid voltage, and vg its instantaneous value. Applying this strategy, the amplitude and phase of the current reference is dynamically determined by the dc-side power and by the power grid voltage, which can be a drawback in the presence of a power grid voltage with high total harmonic distortion (THD). This drawback can be solved using a phase-locked loop to extract the phase and amplitude of the power grid voltage. Therefore, a sinusoidal current reference is obtained even in the presence of a distorted power grid voltage. The discrete implementation of (1) using a PLL [22] , results in:
During each sampling period established by the digital control platform, and knowing the instantaneous value of the current reference and the finite distinct states allowed by the active rectifier, a model predictive current control is used to select the state that forces the grid-side current to track its reference, i.e., the state that minimizes the grid-side current error. 
B. Predictive Model -Predicted Grid-side Current
Analyzing the voltages and the current represented in Fig. 2(f) , and taking into account that the objective is control the grid-side current (ig), it can be established:
where, vab is the voltage produced by the converter during each sampling interval. Applying the forward Euler method to discretize the model, (3) can be rewritten as:
Rewritten (4) in terms of the current at [n+1]:
C. Predictive Model -Cost Function
With the grid-side current reference (cf. section II.A) and with the predict grid-side current (cf. section II.B) a cost function to minimize the error between both is used:
where, the current reference at the instant [n+1] can be extrapolated from the previous samplings as [23] :
The cost function is used to define the active rectifier state that forces the grid-side current to follow its reference.
III. ANALYSIS AND SIMULATION RESULTS
In this section, the operation of the proposed active rectifier is analyzed in order to show its dynamic performance and the model predictive strategy. The proposed active rectifier was simulated using the PSIM software with a time-step of 1 μs and a sampling frequency of 40 kHz. For the inductor (L) was selected a value of 5 mH and for the dc-link capacitors (C1 and C2) was selected a value of 1.5 mF.
The steady-state operation of the proposed active rectifier with the model predictive control is shown in Fig. 3 . These results were obtained for an operating power of 3.2 kW. To simulate the proposed active rectifier under real conditions of operation, it is connected to a power grid voltage of 230 V rms (50 Hz) with a THD% of 3%. As shown, the grid-side current (ig) is synchronized with the power grid voltage (vg) to ensure the operation with unitary power factor. Moreover, the grid-side current presents a THD% of 2.3%, which is an admissible according with the IEEE requirements [24] , since it is used a PLL instead of the power grid voltage in the current reference establishment. The dc-link voltage of each capacitor (vdc1 and vdc2) is controlled according to a voltage reference of 200 V, performing a total dc-link voltage of 400 V. These voltages present a natural oscillation, since it is not possible to obtain a constant power from the power grid using an active rectifier in single-phase installations. As shown, the five distinct voltage levels (vab) are clearly defined in both positive and negative half-cycles, illustrating the proper operation of the proposed controller.
The grid-side current and the currents in the different semiconductors of the proposed active rectifier are shown in Fig. 4 . As shown, the IGBT g1 is only used to produce the voltage level zero, and the IGBTs g2 and g3 are used during both positive and negative half-cycles. The proposed active rectifier was also simulated in transient mode aiming to verify its dynamic operation, as well as the applied model predictive control. As shown in Fig. 5 , the first test was performed considering a step change of 50% in the output load. As expected, the sudden variation in the load affects the amplitude of the grid-side current, but it remains controlled (following its reference) and in phase with the power grid voltage (i.e., operating with unitary power factor), and also the dc-link voltages remain controlled, as well as the voltage levels of vab. As a second test, shown in Fig. 6 , a step-change of 10% in the power grid voltage was considered. During this step change the grid-side current remains sinusoidal and in phase with the power grid voltage, but with higher amplitude (i.e., the rms value was increased) in order to maintain the same operating power. The mean value of the dc-link voltages are controlled for the reference of 200 V independently of the variations in the power grid voltage, and the voltage vab presents the five levels. Therefore, from the load point of view, the converter operates without variation in the power grid voltage.
IV. EXPERIMENTAL VALIDATION
A laboratorial prototype was built to validate the proposed active rectifier both in terms of power hardware and control strategy. For the diodes was used the model BYC8-600 and for the IGBTs the model FGA25N120ANTD. The digital control algorithm was implemented in the DSP TMS320F28335 with a sampling time of 40 μs. The prototype was connected to the power grid of 115 V for a real condition of operation and was used a resistive dc load of 100 . The main experimental results during the steady-state of the proposed active rectifier are shown in Fig. 7 . Although the power grid voltage presents a clear harmonic distortion, this figure shows that the grid-side current is sinusoidal. The measured THD% was 2.5%, and the total power factor was 0.99. In this figure is possible to verify that the dc-link voltage of each capacitor is controlled according to a reference of 100 V, performing a total dc-link voltage of 200 V. As shown in detail, the dc-link voltage of each capacitor presents a maximum oscillation of 6 V. Due to the control strategy, each dc-link voltage oscillates with a frequency of 50 Hz. The voltage produced by the proposed active rectifier, i.e., the voltage vab, assumes five distinct levels, validating the proposed control strategy.
The starting operation of the proposed control strategy is shown in Fig. 8 . During the time interval (1), all the IGBTs are off, the grid-side current presents the typically waveform of a full-bridge diode rectifier, and the dc-link voltages are imposed by half of the maximum amplitude of the grid-side voltage. When the control strategy is activated, i.e., during the time interval (2), the grid-side current becomes sinusoidal in phase with the power grid voltage, each dc-link voltage increases during 130 ms without sudden variations until the reference of 100 V, and the voltage vab assumes the five distinct levels. This figure also shows in a detail of 1 ms, the grid-side current and the voltage vab when this voltage varies between 0 and +vdc/2. As expected, when the voltage vab is 0 (g1 = 1, g2 = 0, g3 = 0), the grid-side current increases (the inductance stores energy), and when the voltage vab is +vdc/2 (g1 = 0, g2 = 0, g3 = 1), the grid-side current decreases (the inductance delivers energy).
The gate-pulse pattern of the IGBTs g1, g2, and g3, during both positive and negative half-cycles, are shown in Fig. 9 . This figure also shows the grid-side voltage and current, as well as the voltage vab. As expected due to the proposed control strategy, the IGBTs g2 and g3 are only switched during the negative and positive half-cycles, respectively. The IGBT g1 is switched in both half-cycles, but only when voltage vab varies between 0 and +vdc/2. This figure also shows a detail of the grid-side current and the IGBTs switching patterns.
V. CONCLUSION
This paper proposes a novel single-phase five-level VIENNA-type rectifier with model predictive current control. The principle of operation and the model predictive control are described in detail to demonstrate the feasibility of the proposed active rectifier and to support the obtained results. As demonstrated through simulation and experimental results, the proposed active rectifier operates with five voltage levels, allowing to obtain grid-side sinusoidal current and unitary power factor, with controlled dc-link voltage for all values of operating power, even during step-change variations of the power grid voltage or sudden variations of the load.
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